[1] We measured the isotopic compositions of methane (C 1 ) and ethane (C 2 ) of hydrate-bound gas and of dissolved gas in pore water retrieved from bottom sediments in Lake Baikal. Both structure I (sI:3%C 2 ) and II (sII:14%C 2 ) gas hydrates are observed in the same sediment cores in Kukuy K-2 mud volcano. We found that C 2 dD of sI gas hydrate is larger than that of sII, whereas C 1 d Model of formation of double structure gas hydrates in Lake Baikal based on isotopic data, Geophys. Res. Lett., 36, L18504,
Introduction
[2] Natural gas hydrates are crystalline clathrate compounds composed of water and gas molecules that form in submarine/sublacustrine sediments when the pore water is saturated by gases at low temperature and high partial pressure of each gas component. Gas hydrates were first obtained from sub-bottom depths of 121 and 161m in the Baikal Drilling Project (BDP) well in the southern basin of Lake Baikal in 1997 [Kuz'min et al., 1998 ]. More recently, gas hydrates near the lake bottom were discovered in the mud volcanoes Malenky in the southern basin [Van Rensbergen et al., 2002] and Kukuy K-2 in the central basin [Khlystov, 2006; Kalmychkov et al., 2006] , where gas-saturated fluids were discharged. While hydrate gas retrieved from the near surface sediments of Lake Baikal contained mainly microbial C 1 , high concentration of C 2 (13.4%) in the dissociated gas obtained in Kukuy K-2 was reported by Kalmychkov et al. [2006] . This indicated gas hydrate of mixed origin (microbial + thermogenic) and suggested the presence of structure II (sII) gas hydrates [Kalmychkov et al., 2006] . Subramanian et al. [2000a Subramanian et al. [ , 2000b showed that sII gas hydrates form at appropriate composition of C 1 and C 2 ; sII appear from 0.6-0.8% to 25-27.8% of C 2 composition in vapor phase at 274.2K. Kida et al. [2006] determined by CP-MAS 13 C NMR spectroscopy that the Kukuy K-2 hydrates that contained about 14 -15% of C 2 belonged to sII, whereas the structure I (sI) gas hydrate contained about 3% of C 2 . They also pointed out that in the same cores the sI gas hydrates occur beneath the sII gas hydrates. In this study, gas compositions and isotopic ratios ( 13 C and D) were taken from hydratebound gas and also from dissolved gas in pore water. The aim of this work is to understand the formation process of the different crystal structures of gas hydrate in Kukuy K-2 mud volcano in Lake Baikal.
Materials and Methods
[3] Hydrate-bearing sediments were sampled in Lake Baikal using a gravity corer during cruises of RV G. Yu. (Figure 1 ). Gas hydrates were found in nine cores from K-2 (at sub-bottom depths of 90-330 cmblf), in two cores from K-0 (85 -370 cmblf) and in seven cores from the southern basin sites (70 -180 cmblf). Hydrate-bound gases were collected on-board by a syringe and filled into 5ml vial bottles. The dissolved gases in pore water were obtained by the headspace gas method. Hydrate-bound gases were also tapped in the laboratory from gas hydrate samples stored in a dry-shipper at liquid nitrogen temperature.
[4] For the isotopic analyses of carbon and hydrogen, a mass spectrometer (DELTA plus XP; Thermo Finnigan) was used. Isotopic compositions are reported as d values defined as
where R denotes the ratio of 13 C/ 12 C or D/H, and d values (d 13 C and dD) are given with reference to the VPDB and VSMOW standards, respectively. The analytical precision of d 13 C is 0.1% and that of dD is 0.6%. Gas composition of hydrocarbons in all gas samples was measured using a gas chromatograph (GC-14B; Shimadzu Corp.) equipped with a thermal conductivity and a flame ionization detector with a packed column (Sunpak-S; Shimadzu Corp.). Raman spectra of the hydrate samples were obtained using a Raman spectrometer (RMP-210; JASCO Corporation) because the crystal structure can be determined by the Raman peak of the n 3 C-C stretch for C 2 molecules [Subramanian et al., 2000a] .
Results
[5] Table 1 shows representative (median) values of gas composition. C 2 compositions are 1.2-4.5% (sI hydrates of Kukuy K-2) and 13.0 -14.5% (sII hydrates of Kukuy K-2), respectively, and agree well with the results of gas composition reported by Kida et al. [2006] . Figure 2 shows the relation between the isotopic ratios and the gas composition of hydrate-bound gas from the different sampled sites in Lake Baikal. Gas samples obtained from Kukuy K-2 are located in the field of mixed microbial and thermogenic gas, whereas those obtained from the southern basin of Lake Baikal are in the field of microbial gas ( Figure 2a ). The C 1 /C 2 ratios are clearly different for the sI and sII hydrates in Kukuy K-2 with the former widely distributed from 13 to 80 and the latter concentrated around 6. C 1 d 13 C ranges from À59.1 to À56.5% in Kukuy K-2, from À63.3 to À62.5% in Kukuy K-0 and from À66.2 to À64.6% in other sites of Baikal southern basin. There is no difference in C 1 d 13 C between sI and sII hydrates in Kukuy K-2. Based on the d 13 C-dD diagram of C 1 [Whiticar, 1999; Milkov, 2005] and as reported earlier by Kida et al. [2006] , C 1 of Kukuy K-2 for both sI and sII appears in the field of microbial origin produced by methyl-type fermentation ( Figure 2b ). As C 1 samples from the other sites also belong to the same field, it is clear that microbial C 1 by methyl-type fermentation is dominant in Lake Baikal. C 2 d 13 C in Kukuy and Malyutka indicates a thermogenic origin (Figure 2c ) and the data of C 1 d 13 C in Kukuy K-2 are close to the thermogenic field. This shows that thermogenic gas mixes partly with the microbial gas (mainly C 1 ) and/or anaerobic methane oxidation increases C 1 d 13 C in Kukuy K-2.
[6] Figure 3 shows d 13 C profiles of eight hydrate-bearing cores in Kukuy K-2 plotted against depth below the lake bottom. C 1 d 13 C of dissolved gas in pore water is low (À65%) in the upper layer (35 -70cmblf) and increases with depth to a value of À55%. On the other hand, C 1 d 13 C of hydrate-bound gas ranges from À59 to À57% at 93 to 334 cmblf and is several permil lower than that of dissolved gas in pore water. C 2 d 13 C from dissolved gas in pore water is almost constant with depth (from À26 to À24%) for all sediment cores. That of hydrate-bound gas, on the contrary, Figure 1 . Location map of the coring sites in Lake Baikal where gas hydrate samples were retrieved. C of C 1 and C 2 . The fields of gas origin in these graphs are according to Whiticar [1999] and Milkov [2005] .
ranges from À30 to À24% and is thus lower than that of dissolved gas.
[7] In all the sediment cores recovered from the Kukuy K-2 mud volcano the hydrates of sII are located in the upper part of the gas hydrate interval, and they occur as hydrate granules of several mm in diameter. Hydrates of sI, on the other hand, are massive and/or stratified, and found in the lower part of the gas hydrate interval. In most cases, a sediment layer of 3-13 cm separates the sII and sI hydrate intervals. This is illustrated in Figure 4a on a photograph of sediment core VER06-02 St2GC30. In this core granular sII hydrates are located in two layers, one at 91-98 cmblf (only traces) and the other from 115 to 123 cmblf. Hydrates of sI appear beneath the sII hydrates, as massive hydrates at 123 -128 cmblf and 128 -140 cmblf intervals, and as vertical ''vein structure'' from 140 to 260 cmblf. Figure 4b shows the depth profile of C 2 composition of hydrate-bound gas for this core. The two sII hydrate layers contain 14.2% and 13.0% of C 2 , respectively. On the other hand, C 2 composition of small massive and long vein hydrates (sI) is 1.4-3.2% and decrease with depth.
[8] Isotopic compositions are plotted against C 2 composition in Figures 5a -5d . C 2 dD of sI hydrates is larger than that of sII hydrates, whereas C 1 dD, C 1 d 13 C and C 2 d 13 C in both hydrate structures are almost the same. C 2 dD of sI hydrates range from À196 to À211%, while those of sII show a more narrow range of À215 to À220%.
Discussion
[9] Isotopic fractionation of hydrocarbon gases during the formation of synthetic gas hydrates has been investigated by Hachikubo et al. [2007] . For gas hydrate samples produced in a pressure cell from gas and water, they revealed that dD of hydrate-bound gas becomes several permil (4.8±0.4% for C 1 and 1.1±0.7% for C 2 ) lower than that of the original gas, whereas d 13 C of hydrate-bound and original gases remains almost constant. Figure 3 shows that for the Kukuy K-2 samples C 1 d 13 C of hydrate gas ranges from À59 to À57% and is several permil lower than that of dissolved gas in pore water (about À55% below 140cmblf). For C 2 , d 13 C of hydrate gas was also lower than that of dissolved gas in pore water. Based on the results of our laboratory experiments [Hachikubo et al., 2007] , we can thus conclude that the current gas dissolved in pore water is not the source of the gas hydrates in the Kukuy K-2 samples. The gas hydrate crystals in Kukuy K-2 were formed from C 1 (d 13 C: À58%) and C 2 (d 13 C: À30%) of dissolved/free gas different than the present. In a later stage the d 13 C of gas in pore water must have increased several permil and meanwhile and the concentrations of C 1 and C 2 dropped to under-saturation. This was possibly caused by changes in mud volcano activity, which could have altered the routes of gas supply and/or the mixing process between thermogenic and microbial gases.
[10] Our results as presented in Figures 4 and 5d allow to propose a model for the formation of the co-exiting sI and sII gas hydrates in Kukuy K-2 mud volcano in Lake Baikal. First the sII gas hydrates were formed from supersaturated gas in pore water. Because of the preferential inclusion of C 2 in the hydrate phase, the concentration of C 2 in the remaining pore water decreased. Subsequently, the sI gas hydrates were formed from the low concentration of C 2 and increased C 2 dD of gas hydrates. Although C 1 dD in the hydrate phase must also be lower than that in the dissolved/ free gas during the formation of hydrate, the difference of C 1 dD between both structures is negligible due to abundance of C 1 compared with C 2 .
[11] Table 2 shows that the C 2 composition of the gas phase at corresponding depth of our hydrate samples and in equilibrium with the C 1 , C 2 and water system, is always lower. Moreover, Deaton and Frost [1946] showed that C 2 is enriched in the hydrate phase during formation of hydrate. As a result, the C 2 composition of the hydrate phase must always be larger than that of the gas phase. Assuming that the gas supplied by ascending fluids from deeper sediment layers was insufficient to maintain the C 2 concentration in the near-bottom sediments, we can propose the following scenario for the formation of gas hydrate in the near-surface (Figure 5e ): nucleation of sII hydrate (14%C 2 ) occurred rapidly from dissolved gas in pore water (3%C 2 ) due to low equilibrium pressure. The C 2 concentration of dissolved gas was hereby reduced below the critical concentration of 0.6-0.8%C 2 H 6 to form sII hydrates [Subramanian et al., 2000b] . As a result, sI hydrate (4%C 2 ) started to form, but this time more slowly due to the rather high equilibrium pressure. Because both C 2 concentrations of sI hydrate and dissolved gas decreased due to the preferential consumption of C 2 into hydrate phase, the range of C 2 compositions in sI hydrate became larger than those in sII hydrate as shown in Figures 2a and 4b . Isotope results in These data are calculated by using CSMHYD Hydrate Program [Sloan, 1998 ].
were first concentrated in the sII hydrate and heavy C 2 molecules (C 2 H 5 D) remained in the dissolved gas and were consumed in the next stage of hydrate formation of sI.
[12] C 1 solubility in pore water with its hydrate is lower than that without hydrate under 278.15K and 10MPa [Handa, 1990] . For C 2 the solubility with its hydrate is not known for high pressure, but it is reasonable to assume a same trend. Using this assumption and measured water content and density data [Kataoka, 2009] , we can calculate that 0.05m-thick layer of massive hydrate consumed the excess gas in about 10m of sediment layer. Therefore, the height of the ''closed system'' in Figure 5e is estimated at several tens of meters to form the gas hydrate layers in Figure 4a . The gas is probably provided by ascending free gas as Granin et al. [2007] observed gas seeps in all basins. Such free gas in the sediment can reduce the height of the closed system. We consider that the formation speed of the gas hydrate layer is relatively larger than the gas supply from deeper layer as the lake bottom is where low temperature and high pressure conditions are most suitable and surplus gas is abundant.
[13] Manakov et al. [2007] proposed an alternative model for the formation of the double-structure gas hydrates. They suggested that sI gas hydrates were formed first, then they partly dissolved due to insufficient gas supply, and finally reformed as sII gas hydrate from the dissolved gas. Their model agrees well with the enrichment process of C 2 [Deaton and Frost, 1946; Sloan, 1998 ], but it is not supported by our isotope data. It is debatable whether both processes can exist simultaneously at different places within Kukuy K-2 mud volcano and further studies are needed to find conclusive answers.
